Abstract. Specific intensities of the strongest Fe x-Fe xiv coronal lines were calculated in the framework of our accretion shock model (Lamzin 1998). These lines are formed in a region immediately behind the front of the accretion shock, therefore, the gas velocity in the line formation region is close to 1/4 of the infall velocity. It appears that iron coronal lines in the optical band (e.g. −9 M /yr. As a byproduct of the study we found that for RY Tau the interstellar extinction coefficient AV is closer to 0.5 m than to 1.0 m . For DF Tau, the observed upper limit for the flux of the [Fe xii] 1349Å line in HST/GHRS spectra is in agreement with an accretion rate of 2 10 −9 M /yr as found by Lamzin et al. (2000) . As a critical test of our calculations we predict that the [Fe xi] 1467Å line in the spectrum of RU Lupi should be relatively strong: we expect the flux to be near 10 −15 erg/s/cm 2 .
Introduction
Bisnovatyi- Kogan & Lamzin (1977) have shown that if the continuum and the line emission observed in the spectra of classical T Tauri stars (CTTS) originate in chromospheric and coronal regions similar to solar ones, then the X-ray luminosity of young stars should be comparable to their bolometric luminosities. To detect hot coronal regions the authors proposed to search for coronal lines (CLs) in optical spectra of CTTS -that is for forbidden lines that correspond to transitions between fine structure levels of the ground configuration of highly ionized atoms in plasma with temperatures T > ∼ 10 6 K. Subsequent observations set very strict upper limits (down to 20 mÅ in some cases) on the intensities of the [Fe xiv] 5303Å and [Fe x] 6376Å CLs in spectra of CTTS. (Gahm et al. 1981; Gahm & Krautter 1982; Lago et al. 1985) , indicating that the nature of the emission spectra of young stars cannot be explained in terms of a simple analogy with solar activity.
Send offprint requests to: N. Piskunov, e-mail: piskunov@astro.uu.se According to the modern scheme the emission spectrum of CTTS is the result of disk accretion onto magnetized low mass young stars. In the frame of this paradigm, the main portion of the line and continuum emission originates in the accretion shock that occurs when infalling matter collides with the stellar surface. Presumably, the infall velocity of the gas in CTTS is V 0 300±100 km s −1 , so the gas temperature just behind the shock front should be ∼1−3 10 6 K (Königl 1991) . Therefore, the accretion model does not only predict the regions with coronal temperatures, but does in some cases suggest that the accretion luminosity can be comparable or even exceeding the bolometric luminosity of the underlying young star. One of the main remaining questions is whether this accretion model is in agreement with the unsuccessful attempts to detect the CLs in spectra of CTTS.
The scope of this paper is a comparison between theoretically predicted intensities of iron CLs and spectral observations in the optical and UV spectral bands. The theoretical part of the paper is based on results of numerical calculations described by Lamzin (1998) . All the details of the accretion shock structure discussed below are taken from this paper.
Theoretical intensities of Fe X-XIV coronal lines
The analysis of the energy balance in CTTS post-shock regions shows that the electron temperature does not exceed 3 10 6 K. Therefore, iron ions with a charge larger than +16 are practically absent in the accretion shock and we will concentrate on CLs of Fe x-Fe xiv ions (The 1 S and 2 S ground terms of the Fe xv and Fe xvi ions respectively have no fine splitting and therefore we expect no resonant coronal lines). The list of lines originating from transitions between levels of the ground configuration 3s 2 3p n of these ions is presented in Table 1 . The wavelength λ ij and transition probabilities A ij of the lines were adopted from the CHIANTI database (Landi et al. 1999) . Only lines with A ij > 1.0 s −1 , i.e. with a sufficiently large critical density of electrons, were included in the table. The width of the accretion post-shock zone is much smaller than the stellar radius, so one can treat the CLs emitting region as a plane-parallel gas slab. Let ε (erg/s/cm 3 ) be the volume emissivity of an optically thin CL, which belongs to a Fe ion with charge Z corresponding to a transition from level j to level i. Then
where N j (cm −3 ) is the particle number density of ions with excited level j, n j the relative population of the same level and n Z the relative abundance of the ion in question. We adopt the solar value of 3.7 10 −5 for the relative iron abundance η Fe . Finally, N (cm −3 ) is the total particle number density.
The specific intensity I n (erg s −1 cm −2 ster −1 ) of the line in the direction perpendicular to the slab surface (i.e. the z-axis of the slab) can be expressed as
and the observed flux as
(Gomez de Castro , where S ac is the surface area of the accretion zone observed from the Earth; d the distance to the star, and A λ the interstellar absorption coefficient at the wavelength of the CL in question.
The distribution of T , N e and n Z along the flow can be obtained from numerical calculations of the accretion shock structure. We calculated I n values for CLs from Table 1 as a function of the velocity V 0 of the infalling gas. We did this for two typical values of the gas particle density "at infinity" N 0 , bearing in mind that the density of the infalling gas in CTTS is in the range 10.5 ≤ log N 0 ≤ 12.5 (see Lamzin 1995; Gomez de Castro & Lamzin 1999 ). We used a five level atom model to calculate the relative level populations n j . The necessary atomic data was taken from the CHIANTI database. Results of these calculations are shown in Because a higher velocity of the infalling gas leads to a larger electron temperature T max behind the shock front (T max ∝ V 2 0 ) and to a larger column density of highly ionized atoms, the I n values increase monotonically with V 0 for all CLs. The only notable exception is the [Fe x] 6376.29Å line: its I n value reaches a maximum at V 0 350 km s −1 , because the column density of Fe x ions decreases at higher infall velocities.
Estimating the accretion rate
The structure of the CTTS post-shock region depends little on densities in the range of 10.5 ≤ log N 0 ≤ 12.5 (typical range assumed for infalling gas). More precisely, the value of n Z N dz is almost independent of N 0 . This means that I n can only depend on N 0 through the level population term n j in Eqs. (1) and (2). For the CLs of Fe xii and Fe xiv shown in Fig. 1 the relative population of the upper levels is proportional to their statistical weights, i.e. independent of N e , because the electron density in the line formation region of these lines is N e 4N 0 , which is significantly larger than the critical value N cr e attributed to collisional quenching. From this it follows that these line intensities appears to be almost independent of N 0 . In the case of other CLs shown in Fig. 1 , N e is of the order of N cr e , and thus I n depends significantly on N 0 , but not as strong as in the case of optically thin lines of dipole allowed transitions, for which both n j and I n should be proportional to N 0 .
From Eq. (3) one can derive the surface area S ac of the part of the accretion zone that is visible from the Earth by measuring the observed flux in a given coronal line. Assuming that due to projection only half of the total surface area of the accretion zone is visible, it is possible to estimate the accretion rate as follows: 
Comparison with observations

The optical band
It is necessary to understand whether iron CLs can be seen at all in spectra of CTTS. From our calculations it follows that two of the strongest lines can be found in the optical band, while all other lines have λ < 3400Å. At first glance it seems more attractive to search for CLs in the optical band with ground based telescopes, rather than in the UV band from space. However, the stellar contribution is maximal in the optical band, which may prevent detection of CLs. To illustrate this let us estimate the expected relative intensities of the [Fe x] 6376.3Å and [Fe xiv] 5304.2Å lines in CTTS spectra, assuming that their specific intensity I n ∼ 10 3 erg/s/cm 2 /ster (see Fig. 1 ).
Consider a star radiating as a blackbody (I λ (θ) = B λ ) with T eff = 4000 K and assume that the accretion zone covers 10% of the stellar surface S * . Then the observed monochromatic flux F λ from this star is equal to ξ λ B λ S * /4d 2 . At λ = 6000Å B λ (4000 K) 4 10 5 erg/s/cm 2 /ster/Å. Coronal lines form in the region just behind the shock front, where the infalling gas moves with a velocity V 0 /4, thus one can expect that the FWHM of CLs should be of the same order of magnitude: around 80 km s −1 which corresponds to 1.6Å at λ = 6000Å. Writing F max = F/F W HM , one finds from these data and Eq. (3) that the expected maximum intensity F max of these CLs is almost 1000 times less than intensity of the underlying stellar continuum, which means that the equivalent width of the lines W = F/F λ translates to 1 mÅ.
In addition, continuum emission originating in the accretion shock and in the innermost part of an accretion disc decreases the equivalent width of the CLs, because the larger the expected intensity is, the larger is the intensity of the veiling continuum. For example, in the case of the extremely active CTTS RU Lup, the accretion luminosity is almost 10 times larger than the bolometric luminosity of the underlying photosphere. The corresponding accretion rate isṀ 3 10 −7 M /yr, where we used A V = 0.3 m and d = 200 pc (Lamzin et al. 1996 ; but see also Bertout et al. 1999) . Lamzin (2000a) also derived V 0 to be 300 km s As an illustration we compare this calculation with high-resolution spectra (R ≈ 60 000) of RU Lupi taken with the UVES spectrograph at the VLT on 16 and 17 April 2000. These spectra are shown in Fig. 2 . The S/N ratio per resolution element of each of the spectra is better than 200. As can be seen from this figure, no emission features are visible. This is in agreement with the calculation in the previous paragraph. Indeed, assuming that the star is in its quiescent state (V = 11 m ), the S/N of the average spectrum in Fig. 2 
The UV band
The observed intensity of the continuum in CTTS decreases rapidly shortward of 3000Å; therefore the contrast and equivalent widths of CLs should be much larger in the UV than in optical band. On the other hand, interstellar absorption is significantly larger in this spectral band, so generally speaking it is not possible to predict a priori if one indeed can observe CLs in UV spectra of CTTS. Consider for example the low resolution (R = 2000) HST/GHRS z2dl0207t spectrum of RY Tau in the vicinity of [Fe xi] 1467.4Å CL, which is shown in Fig. 3 . This spectrum is part of Fig. 3 in Lamzin (2000b) . If the redshift is the result of gas motion with V V 0 /4 in the line formation region, this is possibly the CL; we could not find any other reasonable identification of this feature. The feature is unresolved and the integrated line flux is around 10 −16 erg/s/cm 2 .
The [Fe xii] 1349.4Å line is also within the wavelength range of the z2dl0207t spectrogram, but we could not detect it. This is in agreement with our theoretical prediction: from Fig. 1 one can deduce that the specific intensity of this line should be at least two times smaller than that of the [Fe xi] 1467.4Å line, implying that the expected flux of the [Fe xii] 1349.4Å line would be below the noise level of the observed spectrum at λ = 1349Å.
According to Lamzin (2000b) the density of the infalling gas in RY Tau is ∼1-2 10 11 cm −3 and V 0 350 km s −1 . From Fig. 1 it follows that the specific intensity of the [Fe xi] 1467.4Å line is 10 4 erg/s/cm 2 /ster. To derive the accretion rate from Eq. (4) we need to know the interstellar absorption coefficient A V , of which estimates range from 0.55 m (Hartigan et al. 1995 ) to 1.3 m (Petrov et al. 1999) . Within this uncertainty, the coefficient ξ λ in Eq. (4) at λ = 1467Å varies between 0.26 and 0.041, adopting the normal interstellar extinction law (Seaton 1979) . To decrease the uncertainty in A V we took a UV spectrum of RY Tau observed with the IUE satellite from the INES database. In Fig. 4 , we show the observed spectrum LWP17186LL in the top panel, and dereddened spectra with A V = 0.5 m and A V = 1.0 m in the middle and bottom panels respectively. Although the S/N -ratio of the original spectrum below 2400Å is not very good, one can see that dereddening with A V = 1.0 m produces an artificial flattening of the RY Tau spectrum below 2500Å, which is due to a local maximum of the interstellar absorption coefficient around 2150Å. We conclude therefore that the value A V = 0.55 m of Hartigan et al. seems more realistic. One can now find from Eq. (4) and d = 140 pc that the accretion rate of RY Tau is around 2 10 −9 M /yr. Using the value of R = 2.4 R . for the stellar radius (Hartigan et al. 1995) this means that according to Eq. (2) the accretion zone occupies ∼10−20% of the stellar surface. Thus the parameters of the accretion process, derived from the observed intensity of this line (presumably [Fe xi] 1467.2Å) look reasonable. Note however that HST spectrum z2dl0207t was obtained on November 13, 1994, i.e. two years before the October 1996 flare, during which RY Tau increased its brightness up to V = 9.6 m (Petrov et al. 1999) . This means that the accretion rate we derived refers to the pre-flare period, when V was 11 m -see the W. Herbst database (Herbst et al. 1994) .
Another example: Lamzin et al. (2000) found the following parameters of DF Tau from analysis of UV spectra observed with IUE and HST: d 70 pc; A V 0.5 m ; V 0 250 km s −1 ; lg N 0 11 anḋ M 3 10 −9 M /yr. Substituting these data and I n 6 10 3 erg/s/cm 2 /ster (from Fig. 1 Lamzin et al. (2000) from HST/GHRS spectrum z18e0209m. The accretion rate values found by Gullbring et al. (1998) 
(∼10
−7 M /yr) and Hartigan et al. (1995) (>10 −6 M /yr) are inconsistent with our observed upper limit of the CL flux. We attribute this disagreement to the limitations of the theoretical models used in these papers (an isothermal gas slab in one case and a boundary layer in the other). In addition, measurements of accretion rates through CLs reflect the situation at a given moment. In order to compare our accretion rates with outflow rates one should monitor CLs over a longer period, because outflow rates are intrinsically time-integrated values.
Note finally that in the case of RU Lup one can expect that the [Fe xi] 1467Å line should be relatively strong: we expect its flux to be around 10 −15 erg/s/cm 2 . Unfortunately, we have no possibility to test this prediction at this moment.
Conclusions
From our calculations it follows that the intensities of the Fe x and Fe xiv coronal lines in spectra of CTTS should be relatively low. Apparently one cannot expect to detect coronal lines in optical spectra of these objects due to a low contrast between CLs and the relatively strong underlying continuum. In particular we could not detect the [Fe x] 6376Å and [Fe xiv] 5304Å lines in the case of RU Lupi, for which the accretion luminosity is almost ten times larger than the bolometric luminosity of the star itself, in spite of the fact that the S/N -ratio of our UVES spectra was better than 200.
Some UV iron coronal lines (e.g. [Fe xi] 1467Å and [Fe xii] 1349Å) have larger specific intensities than the strongest optical CLs, and we demonstrated that these lines can in principle be detected in CTTS spectra. Along with other relevant information, observed fluxes of iron UV coronal lines can be used to derive important parameters of the accretion process, such as the accretion rate.
The accuracy of the estimated accretion rates depends strongly on the uncertainties in the distance and the interstellar extinction. Long-term monitoring of CLs is needed to establish the balance between the mean accretion rate and the outflow rate.
